First-principles calculations are performed to study the energetics and atomic structures of aluminum adsorption and incorporation at clean and Ga-bilayer GaN(0001) surfaces. We find the favorable adsorption site changes from T4 to T1 as Al coverage increased to 1 monolayer on the clean GaN(0001) surface, and a two-dimensional hexagonal structure of Al overlayer appears. It is interesting the Al atoms both prefer to concentrate in one deeper Ga layer of clean and Ga-bilayer GaN(0001) surface, respectively, while different structures could be achieved in above surfaces. For the case of clean GaN(0001) surface, corresponding to N-rich and moderately Ga-rich conditions, a highly regular superlattice structure composed of wurtzite GaN and AlN becomes favorable. For the case of Ga-bilayer GaN(0001) surface, corresponding to extremely Ga-rich conditions, the Ga bilayer is found to be sustained stable in Al incorporating process, leading to an incommensurate structure directly. Furthermore, our calculations provide an explanation for the spontaneous formation of ordered structure and incommensurate structure observed in growing AlGaN films. The calculated results are attractive for further development of growth techniques and excellent AlGaN/GaN heterostructure electronic devices. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
GaN-based materials have been researched as the subject of intensive for blue and ultraviolet light emission, and hightemperature/high-power electronic devices recently. Much attempts have been devoted to grow up ultrathin films on GaN substrates. [1] [2] [3] AlGaN have been under intense investigation owing to its potential in constructing AlGaN/GaN heterostructure devices, [4] [5] [6] [7] such as ultraviolet (UV) light high-temperature/power electronic devices. 5, 6 To study the effect of Al doping concentration, there are many reports that Al x Ga 1Àx N/GaN heterostructure grown on sapphire substrate has exhibited excellent device performances, which greatly decreases with Al incorporation. [7] [8] [9] [10] In addition, some group attempt to explain relevant experimental phenomenon and explore basic properties by theoretical study recently. It was found that absorption peak moved to high energy level and the gap of band structure enlarged with the increase of Al impurity in GaN-bulk. 11, 12 The electric field and Schottky barrier in (0001) wurtzite and (111) zinc-blende GaN/Al junctions and the transitivity rule were clarified by Picozzi. 13 Moreover, energetics of Al adsorption and diffusion on GaN(0001) have been studied, and they found that T4 is the most stable site at 0.25 monolayer.
14 Although the effects of Al doped in GaN films have been extensively investigated from both theoretical and experimental points of view, a clear behavior of Al in GaN surfaces is still missing.
It is noteworthy that Al incorporated in GaN has presented interesting behaviors under different growth conditions. [15] [16] [17] [18] [19] For example, AlGaN alloys could exhibit atomic ordering along the [0001] direction under a nitrogen environment, 17 and incommensurate structure have been reported. 15, 18 It was suggested that the ordering may associated with the liquid-like Ga overlayer by Wang et al., 15 while it has been noted that presence of superlattice depends dramatically on the initial growth mode of the film. 19 Similar ordering happened in InGaN alloys and a highly regular superlattice structure is found to be spontaneously formed in the films, they inclined to believe that the ordering may be induced at the growth surface. 20 Recent calculations by Xu et al. 21 suggested that ordered structures in the bulk may be energetically favorable. Although the theory of ordering in the wurtzite nitride alloys has not yet been well developed and there is no better understanding on the fundamental mechanisms creating ordering in AlGaN films, it is an inevitable truth that the atomic ordering has an important impact on optical and transport properties 17 and the excess Ga may affect the formation and composition of the interface layers. As we know, the structural properties of GaN surfaces depend sensitively on the orientation of the surface termination and reconstructions. 22, 23 The GaN(0001) has been demonstrated to have a better surface morphology, and the GaN(0001) surface exhibits a pseudo (1 Â 1) structure, which corresponds to an incommensurate laterally contracted Ga bilayer structure 24 in extremely Ga-rich conditions, which are typical of molecular-beam epitaxy (MBE) growth. Above all, a detailed explanation for the ordering and incommensurate structure of spontaneous formation in AlGaN films is crucial at present. It is necessary to investigate the behavior of Al atoms at GaN(0001) surface to confirm the growth mechanism that gives rise to the interesting structural features under different growth conditions, which provides theory supports for further development of growth techniques and strategies for highquality epitaxial aluminum films and excellent AlGaN/GaN heterostructure electronic devices.
In this paper, we investigate the energetics and atomic structures of Al adsorption and incorporation at the clean and Ga-bilayer GaN(0001) surfaces by performing density function theory (DFT) total energy calculations. By researching the Al adsorption mechanism on clean GaN(0001) surface, we find that the favorable adsorption site changes from T4(h 0:75 ML) to T1(h ¼ 1 ML) on the clean GaN(0001) surface, and Al overlayer with a characteristic hexagonal geometry appears at 1 ML coverage. What's more, with calculating the relative surface energy of possible configurations in a wide range of Al concentration, we construct a phase diagram to research Al incorporation mechanism during different conditions. A highly regular superlattice structure is found to be favorable to obtain at clean GaN(0001) surface (corresponding to N-rich and moderately Ga-rich conditions). In addition, it is demonstrated that the formation of an incommensurate structure is due to the stable Ga bilayer under the extremely Ga-rich conditions.
II. COMPUTATIONAL DETAILS
Calculations have been performed within the DFT implemented in Vienna Ab-initio Simulation Package (VASP) code. The total-energy and electronic-structure calculations have been performed in the framework 25, 26 of the Projector Augmented-Wave (PAW) method. Exchangecorrelation energy functional was treated in the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE), and the electrons in the Ga 3d shell were explicitly treated as valence electrons. The wave functions were expanded in plane waves with a kinetic energy cut off of 450 eV, the energy cutoff was tested in order to reach convergence for the lattice properties of bulk GaN.
To study the behavior of Al atoms in GaN(0001) surface under different growth conditions, first we modeled a GaN(0001)-2 Â 2 surface by using periodically repeated slabs of four bilayers to simulate an ideal GaN(0001) surface. Then, for simulating the laterally contracted Ga bilayer structure under extremely Ga-rich conditions, as in previous theoretical studied, 24 the Ga-bilayer surface using a ffiffi ffi 3 p Â ffiffi ffi 3 p unit cell was modeled, where four Ga atoms were presented in the outer laterally contracted overlayer for every three atoms in the underlying layer. In turn, the latter Ga atoms were located on the top of the Ga atoms of the GaN bilayer terminating the GaN(0001) surface. The upper two bilayers of GaN and adlayers were allowed to relax, while the bottom two bilayers of GaN and the saturating pseudo-H atoms were fixed to mimic the bulk substrate. The dangling bonds at the N-terminated bottom layer were passivated by pseudohydrogens with a charge of 0.75 e in order to prevent unphysical charge transfer between the top and bottom slab surfaces. The vacuum region for the clean and bilayer surface adopted 11 Å and 13 Å , respectively. Brillouin zones were sampled using a 4 Â 4 Â 1 and 6 Â 6 Â 1 Monkhorst-Pack grid for the (2 Â 2) and ð ffiffi ffi 3 p Â ffiffi ffi 3 p Þ cell, respectively. All the atomic positions except the bottom GaN bilayers were relaxed until the forces exerted on the active atoms were less than 0.03 eV/Å .
III. RESULTS AND DISCUSSION
Before starting the surface calculations, we have optimized the structural parameters for wurtzite GaN structure at first, which is the most stable phase of GaN at low temperatures and pressures. This was done because the optimized GaN unit cell for the bulk will define the slab in the surface supercell used to build the GaN(0001) surface, and accurate total energies are important in the comparison of surface energies to identify the most stable structure through the chemical potentials of the surface constituents. As shown in Table I , the lattice parameters, interatomic distances, and cohesive energies for GaN, AlN, Ga-bulk, N 2 molecule, and Al-bulk are presented. Gallium has different bulk phases but theoretical and experimental studies both have shown that orthorhombic structure (a Ga) is the most stable phase at room temperature, which is adopted here. Aluminum crystallizes in a face centered cubic (fcc) crystal structure. The set of results for the cell parameters obtained shows good agreement with experiment (to within 4%). Our calculation results for DH f GaN and DH f AlN are À0.97 eV and À2.86 eV, respectively, which are in good agreement with recent theory values. 27, 28 Here, DH shown in Fig. 1(a) . Defining the surface coverage (h) as the ratio of the amount of adsorption Al adatoms to the monolayer (ML) capacity, h ¼ 0.25, 0.5, 0.75, and 1 ML have been adopted for the coverage at the GaN(0001) surface to built monolayer coatings. The adsorption energy is defined as
Here, N is the number of Al atoms adsorbed on the GaN(0001) surface, E adtotal is the total energy of the adsorption configuration under consideration, E refer is the total energy of the fully relaxed clean GaN(0001) surface, and E Al is the energy of an isolated Al atom. According to the formula, we plot the adsorption energy (in electron volt per aluminum atom) vs Al coverage in Fig. 2 . It is found that T4 site to be the energetically lowest adsorption site at the lower coverage regime (h 0:75 ML), which is consistent with previous studies that Al prefers to adsorb at T4 sites for 0.25 ML Al coverage. 14 But for the 1 ML Al coverage (h ¼ 1 ML), Al preferentially absorb at T1 sites, not the T4 sites. At 0.25 ML Al coverage, Al adatom combines with three Ga atoms of first layer, mainly due to the attraction of the following N atom. It is an incontrovertible fact that the attraction between Al and N play an important role at 0.25 ML Al coverage. When the coverage varies from 0.5 to 1 ML, the changes in the adsorption energy for Al atoms adsorbed at the favorable positions are, at most, around 0.2 eV. This small variation in the adsorption energy indicates that the weak interaction exist between Al atoms in the adsorbed monolayer.
On the other hand, the most stable relaxed structures and geometric datas of Al adsorption on clean GaN(0001) surface at various Al coverages are shown in Fig. 3 to 2.658 Å (1ML Al-T1), because the repulsive force between Al and Ga increased obviously as the position of Al changed from T4 to T1 site. In particular, a two-dimensional Al overlayer with a characteristic hexagonal geometry appears at 1 ML coverage. Consequently, it is concluded that the growth of 2D hexagonal geometry Al monolayers on GaN(0001) surface is possible. Experimentally, Liu et al. 3 found that Al films are poor quality at a few coverage; as Al coverage increased, Al growth surface remains relatively flat without any prominent cluster formation and present a characteristics hexagonal geometry. Our results are in good agreement with the experimental results.
The total density of states (DOS) of Al adsorbed on the clean GaN(0001) surface in the range 0:25 h 1 ML are shown in Fig. 4 . We find that 0.25 ML Al-T4 reconstruction results in a semiconductor behavior with a energy gap of about 0.3 eV (Fig. 4(b) ), as Al coverage increased, surface changes from a semiconductor behavior (h ¼ 0:25 ML) to a metallic behavior (0:5 h 1 ML, Figs. 4(c)-4(e) ). This is because, for the clean GaN(0001) surface, each Ga atom has one dangling bond, which creates surface states near the bulk conduction band minimum (CBM) to show a metallic behavior (Fig. 4(a) ). When 0.25 ML Al adsorbed on clean GaN surface, as observed in Fig. 3 , Al adatom is combined with three Ga atoms in the first Ga layer due to the attraction of the following N atom, the surface dangling bonds are saturated by the Al adsorption, thereby reducing the density of states within the fundamental band gap. The same semiconductor behavior was also observed in vanadium adsorption at clean GaN(0001) surface. 38 As Al coverage increased, the dangling bonds are increased from Al adatoms, which create surface states around the Fermi level with exhibiting metallic behavior (as shown in Figs. 4(c)-4(e) ). The adsorption research should be helpful in understanding of the epitaxy of Al films on GaN.
B. Aluminum incorporation in clean GaN(0001) surface
In order to investigate Al incorporation into the growing GaN layer, at first, Al doped in bulk GaN (include 72 atoms) in various configurations (Ga-substitute, N-substitute, and the interstitial site) were considered. It is found that Al atom is unfavorable to be located in the interstitial positions and N-substitutional sites, but favorable to be located in the Gasubstitutional sites.
In this section, different amounts of Al atoms in Gasubstitution sites in various configurations were investigated and denoted as (n 1 /n 2 /n 3 ), where n 1 , n 2 , n 3 are the numbers of substitution Al atoms in the first, second, and third bilayer, respectively. For example, (0/0/1) represents the configuration where one Al atom is incorporated in the third bilayer (0.25 ML), and aluminum atoms are not present in the first and second bilayers. Our results of relative energies for Al substitutional incorporation at the clean GaN(0001) surface are summarized in Fig. 5 .
From Fig. 5 , it appears that Al atoms prefer to incorporate in subsurface at lower concentration ( 0.5 ML). And the total energy of Al in the third bilayer is slightly higher than that of Al in subsurface. As the Al concentration further increased to 0.75 ML, the (0/0/3) configuration becomes slightly more stable than the (0/2/1) configuration. At 1.0 ML concentration, the most stable configuration is (0/0/4). Our results show that Al atoms tend to concentrate in deeper layer and show a migration to GaN bulk, which implies that the solubility of Al is larger in bulk GaN than at GaN surface. In above configurations, the Al-N bond length is smaller than Ga-N bond length, Al-N bond formation is thermodynamically supported because the heat of formation of AlN ðDH 5 , it is interesting to note that a well-organized structure (0/0/4) appears at 1 ML Al concentration. In this configuration, Al atoms preferentially replace the deeper Ga layer to combine with the neighbor N layer with forming a AlN bilayer in a local region, which presents a surface structure with the characteristics of superlattice. In addition, the bond length of the Al-N and Ga-N(1.905 and 1.999 Å ) is similar with that of pure AlN and GaN wurtzite structure (1.893 and 1.973 Å ) respectively, indicating that a AlN wurtzite structure formed in deeper region and the original GaN wurtzite structure remained in this incorporation process. This contributes to the well-organized structure in some extent. Experimentally, a pure AlN interlayer without Ga atoms grown by plasma assisted molecular beam epitaxy (PAMBE) is also reported with expected the wurtzite phase. 39 Moreover, a similar superlattice structure was also observed in InGaN films grown by MBE. 20 We suppose that the ordering may be induced at the surface in a similar way.
C. Aluminum incorporation in Ga-bilayer GaN(0001) surface
To investigate aluminum incorporation under extremely Ga-rich conditions, in the Ga-bilayer GaN(0001)-ffiffi ffi 3 p Â ffiffi ffi 3 p model, (n 1 /n 2 /n 3 /n 4 /n 5 ) is used to denote the different incorporated configuration of Al, where n 1 and n 2 indicate the number of Al impurities in the outer and inner Ga adlayers, while n 3 , n 4 , and n 5 are the numbers of Al impurities in the first, second, and third GaN bilayer, respectively. The contracted bilayer structure corresponds to an excess of 2.33 ML Ga atoms. Top view of Ga-bilayer GaN(0001) surface is shown in Fig. 1(b) . The relative energies for different configurations for Al-doped in Ga-bilayer GaN(0001) surface are reported in Fig. 6 .
FIG. 6. Relative energies of different configurations for Al incorporated in
the Ga-bilayer GaN(0001) surface. Different configurations are labeled as (n 1 /n 2 /n 3 /n 4 /n 5 ), where n 1 ; n 2 ; n 3 ; n 4 ; n 5 are the Al impurities incorporated in the outer and inner Ga adlayers, first, second, and third GaN bilayer in a ffiffi ffi 3 p Â ffiffi ffi 3 p supercell, respectively. The atomic structures of the most favorable configurations are shown in the insets. From Fig. 6 , at 0.33 ML concentration, Al prefers to incorporate in the fourth GaN bilayer, as the Al concentration increases at 0.67 ML, the most stable configure is (0/0/0/0/2), whereas at 1 ML and 1.33 ML coverage, the configure (0/0/0/0/3) and (0/0/0/1/3) become easily to formed, suggesting that Al atoms prefer to concentrate in deeper Ga layer. Comparing to the Al incorporation in the clean GaN(0001) surface, similar behavior of Al atoms appears under the Ga bilayer and the incorporation also does not have any effects on the surface morphology. In addition, for the case of configuration (0/0/0/0/3), we find that the incommensurate ordered structure comes into being at 1 ML Al concentration. The result is in agreement with the recent results obtained by Wang et al. 15 for the AlGaN films growing by PAMBE.
D. Growth mechanism of Al incorporation in GaN(0001) surface
To confirm the growth mechanism of Al incorporation in GaN(0001) under different conditions, we calculated the relative formation energy for GaN(0001):Al as a function of the Ga chemical potential l Ga , which is shown in Fig. 7 . Since the surface stoichiometry is not the same for all the investigated configuration, the formation energies depend on the chemical potential of the excess atoms in species. The relative formation energy E form is written as
where E intotal is the total energy of the incorporation configuration under consideration, E refer is the total energy of clean GaN(0001) surface, l i is the chemical potential of the ith species, and Dn Al is the excess or deficit of Al atoms with respect to the reference, similar definitions hold for Dn Ga and Dn N . At equilibrium, the chemical potential of a given species is equal in all phases, which are in contact. This can be exploited to impose constraints on the possible equilibrium values of the chemical potential. Actually, the chemical potential of each atomic species must be low enough to avoid the formation of undesirable phases, l Ga l GaðbulkÞ , which is to prevent the formation of Ga droplets, l N l N 2 ðmoleculeÞ , which is to prevent GaN decomposition. We assume that the surface is at equilibrium with the GaN bulk, l GaNðbulkÞ ¼ l Ga þ l N , where l GaN(bulk) represents the chemical potential of bulk GaN. With the above choices, the relative formation energy is a function of l Ga , which ranges from l GaðbulkÞ þ DH GaN f to l Ga(bulk) , as shown in Fig. 7 . To make a comprehensive research of the behavior of aluminum in GaN(0001) surface, we have considered two cases for the Al chemical potential: l Al ¼ l AlðAlNÞ and l Al ¼ l AlðbulkÞ , corresponding to the Al-poor and Al-rich conditions, respectively.
In Fig. 7(a) , the models of N-H3, Ga-T4, and Ga-bilayer are observed as the most stable structures, and structures with no Al are energetically stable under a wide range of Ga chemical potential, indicating that Al adsorption and incorporation are not energetically favorable on the GaN (0001) surface. So we can conclude that Al atoms prefer not to incorporate into GaN(0001) surface under Al-poor conditions.
In Fig. 7(b) , for the case of Al adsorption on GaN(0001) surface, we find Al-T4 is more stable than N-H3 and Ga-T4 under the N-rich conditions, indicating that the growth of monolayers of Al atoms on the GaN(0001) is energetically favorable. While, for the incorporation situation, Al atoms prefer to incorporate in deeper region, and N atoms prefer to combine with Al atoms rather than to combine with Ga atoms, consistent well with recent experimental study, 41 which suggests that there is a competition between the incorporation of Al and Ga atoms in AlGaN films under group III-rich conditions. This is reasonable because of the lower formation heat of AlN in comparison with that of GaN. Under N-rich and moderately Ga-rich conditions, the most stable configuration is (0/0/4), as described in Fig. 5 , the ordered structure is composed of wurtzite GaN and AlN. Our results reveal that a highly regular superlattice structure could be obtained in Al-doped GaN(0001) surface and make a clear explanation for the ordering, which is observed in AlGaN films under N-rich conditions. [15] [16] [17] [18] [19] While under the extremely Ga-rich conditions, Al atoms also tend to replace Ga atoms in deeper layers, and the (0/0/0/1/3) configuration is the most favorable structure, thus indicating that Ga atoms of the Ga bilayer is not easily to be substituted in Al incorporating process. It appears Ga remains acting as a surfactant on Al-doped GaN(0001) surface under extremely Ga-rich conditions, in agreement with previous experimental results. 41 Similar surfactant has been reported during the MBE growth of InGaN alloys. 42 Experimentally, the existence of incommensurate structures in AlGaN films is well established due to the sustained stable Ga bilayer. 15, 19 At last, the relative stability of various configurations of the Al and Ga adatoms is summarized in the phase diagram shown in Fig. 8 , various regions with colored lines around are identified by the values of the Ga and Al chemical potentials (horizontal and vertical axes) and are labeled by the lowest formation energy for the corresponding values of l Al and l Ga . From left to right, corresponding to N-rich to Ga-rich conditions, from top to bottom, corresponding to Al-rich to Al-poor conditions; above definitions are related to the abundances of precursors in the growth environment. Under Al-poor conditions, the GaN(0001)-2 Â 2 surface (N-H3 and Ga-T4) reconstruction structures are, respectively, reproduced under N-rich and moderately Ga-rich conditions; while under extremely Ga-rich conditions, the Ga-bilayer configuration is the most favorable structure. Going towards Al-rich conditions, phase diagram shows the highly regular superlattice structure (0/0/4) could be obtained under N-rich and moderately Ga-rich conditions, and an incommensurate structure (0/0/0/1/3) is favorable achieved due to the stable Ga-bilayer under extremely Ga-rich conditions.
IV. CONCLUSIONS
Aluminum adsorption and incorporation at clean and Ga-bilayer GaN(0001) are studied using DFT. Al adsorption is found to be most favorable at T4 site for the limited Al coverage (h 0:75 ML), but Al adatoms prefer to adsorb at T1 position when Al coverage is further increased to 1 ML. It is observed that a 2D hexagonal structure of Al films would be formed upon GaN(0001) surface at 1 ML Al coverage, and the surface changes from semiconductor behavior (h ¼ 0:25 ML) to metallic behavior as Al coverage increased. In particular, Al atoms prefer to replace the deeper Ga layer to form a local AlN bilayer in GaN(0001) surface and there is no distortion and defects except forming a wellorganized structure. Furthermore, we investigate the growth mechanism of Al-doped GaN(0001) surface under various growth conditions. Under N-rich or moderately Ga-rich conditions, a highly regular superlattice structure is found to be favorable obtained. While under the extremely Ga-rich conditions, an incommensurate structure would be formed due to the stable Ga bilayer. Otherwise, Al incorporation does not affect GaN(0001) surface morphology under wide-range of growth conditions.
In this work, we show an atomic and surface behavior of Al atoms in understanding of the epitaxy of Al films on GaN(0001) surface. Our calculations not only indicate the existence of highly regular superlattice structure but also provide a clear explanation to the spontaneous phenomenon of ordering and incommensurate structure observed in AlGaN films.
